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METHODS AND APPARATUSES FOR 
TRANSIENT ANALYSES OF CIRCUITS 

FIELD OF THE TECHNOLOGY 

Some embodiments of the present invention relate to 
automated circuit analyses, and more particularly to the 
transient analyses of power supply network of a circuit 
implemented on an Integrated Circuit (IC) chip. 

BACKGROUND 

Power dissipation in integrated circuits increases as chip 
frequencies and die area increase. Lowering the power 
supply voltage has mitigated the rapid increase in power 
dissipation for designs in newer process technologies but at 
the cost of larger power supply currents. The electronic 
current supplied by the power supply grid to each standard 
cell or custom block (such as a memory) on an Integrated 
Circuit (IC) chip causes a voltage drop in the supply network 
due the non-Zero impedance (resistance, capacitance and 
inductance). The voltage drop, if large enough, can cause 
functional failures. However, even smaller voltage drops 
that are only a fraction of the power supply voltage can 
cause timing errors, because the reduced supply voltage 
increases the delay of logic gates. If the increased delays are 
not accounted for accordingly, the results of chip timing 
analyses can be erroneous. Further, large electronic currents 
can cause failures if the peak current exceeds limits set by 
the material parameters for the power supply wires. Thus, 
the design process of a digital circuit typically includes an 
analysis of the power supply network. 

For the design of digital circuits (e.g., on the scale of Very 
Large Scale Integration (V LSI) technology), designers often 
employ computer-aided techniques. Standard languages 
such as Hardware Description Languages (HDLs) have been 
developed to describe digital circuits to aid in the design and 
simulation of complex digital circuits. Several hardware 
description languages, such as VHDL and Verilog, have 
evolved as industry standards. VHDL and Verilog are gen 
eral-purpose hardware description languages that allow de? 
nition of a hardware model at the gate level, the register 
transfer level (RTL) or the behavioral level using abstract 
data types. As device technology continues to advance, 
various product design tools have been developed to adapt 
HDLs for use with newer devices and design styles. 

In designing an integrated circuit with an HDL code, the 
code is ?rst written and then compiled by an HDL compiler. 
The HDL source code describes at some level the circuit 
elements, and the compiler produces an RTL netlist from this 
compilation. The RTL netlist is typically a technology 
independent netlist in that it is independent of the technol 
ogy/architecture of a speci?c vendor’s integrated circuit, 
such as ?eld programmable gate arrays (FPGA) or an 
application-speci?c integrated circuit (ASIC). The RTL 
netlist corresponds to a schematic representation of circuit 
elements (as opposed to a behavioral representation). A 
mapping operation is then performed to convert from the 
technology independent RTL netlist to a technology speci?c 
netlist, which can be used to create circuits in the vendor’s 
technology/ architecture. It is well known that FPGA vendors 
utiliZe different technology/architecture to implement logic 
circuits within their integrated circuits. Thus, the technology 
independent RTL netlist is mapped to create a netlist, which 
is speci?c to a particular vendor’s technology/architecture. 
One operation, which is often desirable in this process, is 

to plan the layout of a particular integrated circuit and to 
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2 
control timing problems and to manage interconnections 
between regions of an integrated circuit. This is sometimes 
referred to as “?oor planning.” A typical ?oor planning 
operation divides the circuit area of an integrated circuit into 
regions, sometimes called “blocks,” and then assigns logic 
to reside in a block. These regions may be rectangular or 
non-rectangular. This operation has two effects: the estima 
tion error for the location of the logic is reduced from the 
siZe of the integrated circuit to the siZe of the block (which 
tends to reduce errors in timing estimates), and the place 
ment and routing typically runs faster because as it has been 
reduced from one very large problem into a series of simpler 
problems. 

Before the placement and routing operation, the timing of 
signals are typically estimated from parameters such as the 
fanout of a net and the estimated wire lengths (e.g., obtained 
from a route estimation). After placement of components on 
the chip and routing of wires between components, timing 
analysis (e.g., timing simulation, or static timing analysis) 
can be performed to accurately determine the signal delays 
between logic elements. Further, an analysis of the power 
supply network can be performed based on the detailed 
design information. 

Currently most techniques for power supply voltage drop 
estimation rely on a static or DC (Direct Current) analysis of 
the power supply network (the power grid). In a static or DC 
analysis, an average or DC current, which is assumed to be 
constant, is used to represent the actual time varying current 
in the analysis of the power supply network. The voltage 
drops in the power supply network are calculated using the 
average or DC representation of the currents drawn by the 
cells (e.g., logic gates) of the circuitry. 

However, the cells of the circuitry draw time-varying 
currents from the power supply network in performing state 
switching activities. Thus, such a traditional DC approach 
has a number of shortcomings. A traditional DC analysis 
does not provide any transient voltage drop information. The 
results of a DC approach are not accurate and could not 
account for many physical effects such as the placement of 
de-coupling capacitors or the speed of the transitions of the 
standard cell outputs. 
The actual voltage drop in the power supply network can 

be much worse than that calculated by the DC analysis 
because many gates can switch simultaneously, requiring a 
much larger instantaneous current from the power network 
than the average current assumed in the DC analysis. 

The capacitance and inductance of the power supply 
network have no impact on the DC analysis, since only the 
resistance matters in a DC analysis. Therefore, the capaci 
tance and inductance of the power supply network cannot be 
optimiZed or analyZed using a DC approach, although in 
reality they can play a critical role in the actual instantaneous 
voltage drop. 
The timing of the transition of the gates has no effect on 

the DC analysis. However, whether the logic gates switch 
simultaneously or in different time windows can produce 
signi?cantly different power supply voltage drops. 

Further, techniques to reduce the peak voltage drop such 
as the placement and siZing of de-coupling capacitors or 
different chip packages cannot be analyZed by the traditional 
DC analysis, since these elements cannot be accounted for 
in a DC analysis. 
A transient analysis of the power supply network may be 

performed through a detailed circuit level simulation (e.g., 
using SPICE, Simulation Program with Integrated Circuit 
Emphasis). Such a detailed circuit level simulation requires 
transistor level models for every cell. The complexity of the 



US 7,278,120 B2 
3 

transistor level models severely limits the siZe of the prob 
lem that could be solved. Further, such a detailed circuit 
level analysis requires stimuli at the inputs of the circuit. 
Furthermore, the detailed circuit level analysis Would have 
to be performed for each input stimulus applied to the circuit 
to determine the Worst case scenario. 

Chen and Ling (1997) described a hierarchical approach 
for poWer supply noise analysis in “PoWer Supply Noise 
Analysis Methodology for Deep-Submicron VLSI Chip 
Design”, Proc. of Design Automation Conference (DAC), 
1997. In the approach of Chen and Ling (1997), the simu 
lation results of functional blocks are used to replace the 
nonlinear devices and capacitive loads With pieceWise linear 
current sources, Which mimic the Waveforms of the actual 
circuits. After the equivalent circuit With the pieceWise linear 
current source for each functional block is generated, the 
equivalent circuit is used to represent the functional block in 
the analysis of the top level poWer netWork. Similarly, 
Dharchoudhury et al. described a hierarchical approach in 
“Design and Analysis of PoWer Distribution Networks in 
PoWerPCTM Microprocessors”, Proc. of Design Automation 
Conference (DAC), 1998. After simulating the non-linear 
devices under the perfect supply voltage to measure the 
currents draWn by the devices, Dharchoudhury et al. (1998) 
models the non-linear devices as independent time varying 
current sources, according to the measured currents, for the 
simulation of the poWer grid. HoWever, these approaches 
require detailed transistor level analyses of the functional 
blocks. Further, these approaches may only be suitable for 
the circuits that are designed in a hierarchical Way With an 
obvious block structure. Furthermore, the simulation of a 
function block requires the generation of input vectors that 
provide stimulus to the cells in the block. It is di?icult to 
generate input vectors for the ef?cient simulation of a 
function block While obtaining a reasonable Worst-case 
sWitching current for the function block. 

SUMMARY OF THE DESCRIPTION 

Methods and apparatuses for transient analyses of a 
circuit using a hierarchical approach are provided here. 
Some embodiments of the present invention are summarized 
in this section. 

In one embodiment of the present invention, the cells are 
grouped locally on the poWer supply netWork according to 
average poWer dissipation (e.g., so that cell groups have 
approximately equal poWer dissipation). A time varying 
current of each cell group is estimated using a probabilistic 
approach to represent the cell group so that the probability 
of a more severe Waveform for the current of the cell group 
is under a certain level. For example, the cells in a group are 
partitioned as sWitching cells and non-sWitching cells using 
cell toggle rates for the determination of the time varying 
current. The circuit model of the poWer supply netWork 
includes the current sources according to the estimated time 
varying currents for the cell groups, the poWer supply Wire 
resistance, the poWer supply to ground Wire capacitance, 
Well capacitance for cells With Wells tied to poWer supply or 
ground Wires, and the de-coupling capacitance from non 
sWitching cells. 

In one aspect of the present invention, a machine imple 
mented method for circuit analysis includes: grouping cells 
of a design of a circuit into cell groups according to a 
threshold for poWer dissipation; and, determining param 
eters specifying a time varying current, draWn by each of the 
cell groups from a poWer supply netWork of the circuit, for 
a transient analysis of the poWer supply netWork of the 
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4 
circuit. In one example of an embodiment, the method 
further includes: performing the transient analysis of the 
poWer supply netWork of the circuit using the parameters 
specifying the time varying current determined for each of 
the cell groups. For example, the cells of the design may be 
grouped locally on the poWer supply netWork of the circuit 
so that cells Within each of the cell groups are contiguous on 
the poWer supply netWork of the circuit. The threshold for 
poWer dissipation may be used to specify a limit of average 
poWer dissipation in each cell group. In one example of an 
embodiment, the design of the circuit includes a gate level 
design; and the cells of the design include technology 
speci?c standard cells for implementing the circuit on an 
Integrated Circuit (IC) chip. In one example of an embodi 
ment, at least one of the parameters specifying the time 
varying current is determined for each of the cell groups 
using data indicating probabilities of state sWitching at cells 
(e.g., toggle rates of cells). In one example of an embodi 
ment, determining the parameters specifying the time vary 
ing current includes: estimating a sWitching current for each 
cell of each of the cell groups using data specifying energy 
dissipation at a corresponding cell during a state transition in 
a clock cycle; and, determining a number of ?rst cells that 
sWitch in a same clock cycle for each of the cell groups using 
the data indicating probabilities of state sWitching at cells; 
Where the time varying current draWn by each of the cell 
groups includes at least sWitching currents for the number of 
the ?rst cells that sWitch in a same clock cycle. In one 
example of an embodiment, the number of the ?rst cells is 
determined for each of the cell groups such that a probability 
of more than the number of cells sWitching in a same clock 
cycle is less than a threshold value (e.g., 0.9 or 0.99). In one 
example of an embodiment, the number of the ?rst cells are 
determined for each of the cell groups to maximiZe a peak 
value of the time varying current While the probability of 
more than the number of cells sWitching in a same clock 
cycle is close to the threshold value. In one example of an 
embodiment, the transient analysis is performed through 
solving a set of linear equations With a sparse matrix 
obtained from discretiZing a set of ordinary differential 
equations based on current sources according to the time 
varying current for each of the cell groups, resistance and 
capacitance parameters of the poWer supply netWork, Well 
capacitance parameters, and decoupling capacitance param 
eters. The decoupling capacitance parameters of second 
cells that are not sWitching are determined for each of the 
cell groups but excluding the number of the ?rst cells that 
are sWitching; the resistance and capacitance parameters of 
the poWer supply netWork and the Well capacitance param 
eters of Wells of cells are extracted from the design of the 
circuit. 

In one aspect of the present invention, a machine imple 
mented method for circuit analysis includes: determining a 
representation of a ?rst current, draWn by a group of cells 
from a poWer supplying netWork of a circuit in a clock cycle, 
using data indicating probabilities of state sWitching at the 
cells of the group (e.g., toggle rates of the cells), Where the 
representation of the ?rst current speci?es the ?rst current as 
a non-constant function of time in a clock cycle. In one 
example of an embodiment, the cells are technology speci?c 
standard cells for implementing the circuit on an Integrated 
Circuit (IC) chip. In one example of an embodiment, a ?rst 
number is determined from the data indicating probabilities 
of state sWitching at the cells of the group such that a 
probability of more than the ?rst number of cells of the 
group sWitching in a same clock cycle is about a predeter 
mined value; and then, ?rst cells of the ?rst number are 
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selected from the group to determine the representation of 
the ?rst current from currents draWn by the ?rst number of 
the ?rst cells When the ?rst cells sWitch together in a same 
clock cycle. In one example of an embodiment, a represen 
tation of a second current draWn by one of the cells of the 
group is determined to specify the second current as a 
non-constant function of time in a clock cycle in determin 
ing the representation of the ?rst current; and the represen 
tation of the second current is determined from an amount of 
energy dissipation in the one of the cells during sWitching in 
state in a clock cycle. In one example of an embodiment, 
equivalent resistance and capacitance parameters for second 
cells of the group (not including any of the ?rst cells) When 
the second cells do not sWitch are further determined. In one 
example of an embodiment, the group of cells is modeled 
using at least a current source according to the representa 
tion of the ?rst current and the equivalent resistance and 
capacitance parameters. In one example of an embodiment, 
the group of cells is further modeled using the Well capaci 
tance parameters determined for the cells of the group. In 
one example of an embodiment, cells of a design of the 
circuit are selected into the group so that an average poWer 
dissipation of the group is at about a predetermined level. 

The present invention includes methods and apparatuses 
Which perform these methods, including data processing 
systems Which perform these methods, and computer read 
able media Which When executed on data processing systems 
cause the systems to perform these methods. 

Other features of the present invention Will be apparent 
from the accompanying draWings and from the detailed 
description Which folloWs. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The present invention is illustrated by Way of example 
and not limitation in the ?gures of the accompanying 
draWings in Which like references indicate similar elements. 

FIG. 1 shoWs a block diagram example of a data process 
ing system Which may be used With the present invention. 

FIG. 2 illustrates a method to group cells according to one 
embodiment of the present invention. 

FIG. 3 illustrates the probabilities of cells sWitching in a 
same clock cycles, Which may be used to determine a 
sWitching current of a cell group according to one embodi 
ment of the present invention. 

FIG. 4 illustrates a method to determine the number of 
cells sWitching a same clock cycle for the determination of 
a sWitching current of a cell group according to one embodi 
ment of the present invention. 

FIG. 5 illustrates a method to estimate the sWitching 
current for a cell according to one embodiment of the present 
invention. 

FIG. 6 illustrates a method to determine the sWitching 
current for a cell group according to one embodiment of the 
present invention. 

FIG. 7 illustrates the modeling of a cell group for the 
analysis of a poWer supply netWork according to one 
embodiment of the present invention. 

FIG. 8 shoWs a method to analyZe a poWer supply 
netWork according to one embodiment of the present inven 
tion. 

FIG. 9 illustrates a detailed method to group cells accord 
ing to one embodiment of the present invention. 

FIG. 10 shoWs a detailed method to generate a model of 
a cell group according to one embodiment of the present 
invention. 

20 

25 

30 

35 

40 

45 

50 

55 

60 

65 

6 
FIG. 11 shoWs a method to estimate a time varying current 

for a cell group using timing WindoWs according to one 
embodiment of the present invention. 

DETAILED DESCRIPTION 

The folloWing description and draWings are illustrative of 
the invention and are not to be construed as limiting the 
invention. Numerous speci?c details are described to pro 
vide a thorough understanding of the present invention. 
HoWever, in certain instances, Well knoWn or conventional 
details are not described in order to avoid obscuring the 
description of the present invention. References to one or an 
embodiment in the present disclosure are not necessarily 
references to the same embodiment; and, such references 
mean at least one. 

At least one embodiment of the present invention merges 
groups of contiguous cells in such a Way that the time 
varying behavior is preserved While reducing the number of 
independent load currents that have to be analyZed to 
produce accurate results With minimal run time and memory 
usage. In one embodiment, the time varying sWitching 
currents for the cell groups are estimated based on a proba 
bilistic approach Without a detailed simulation of the cell 
groups. A circuit model representing the poWer supply 
netWork is generated from current sources according to the 
time varying sWitching currents for the cell groups, as Well 
as the resistance and capacitance parameters of the power 
supply netWork, such that instantaneous (or dynamic or 
transient) poWer netWork analyses can be performed effi 
ciently using the circuit model for the poWer supply net 
Work. No detailed switching of individual elements in the 
circuit model is necessary for the simulation of the poWer 
supply netWork. Further details are described beloW. 
A detailed design of a circuit may be speci?ed at the gate 

level With a netlist (e.g., in a HDL), physical layout infor 
mation for the circuit, and technology dependent informa 
tion of the Wires and cells for the implementation of the 
circuit on an IC chip. The sWitching activities of the gates in 
each clock domain can be represented using toggle rates of 
the gates. Toggle rate of a gate represents the likelihood of 
the gate sWitching in a clock cycle. Toggle rates of cells can 
be estimated, or derived from converting statistical data 
about sWitching activities collected over many clock cycles 
to the probability of sWitching in a given clock cycle. 
The toggle rates can be computed at the RTL level and 

maintained through synthesis; alternatively, the toggle rates 
can be directly computed at the gate level. For example, US. 
patent application Ser. No. 10/646,657, entitled “Method 
and Apparatus for Circuit Design and Synthesis” and ?led 
Aug. 21, 2003 by Naresh MaheshWari and Kenneth S. 
McElvain, describes methods of maintaining and propagat 
ing statistical data, such as toggle rates, during and after 
circuit synthesis transformation operations. The signal 
sWitching activities are calculated once at the RTL level and 
then propagated and/or maintained at various nodes of the 
circuit through the process of logic synthesis; and the 
statistical analysis of entire circuit during or after the logic 
synthesis can be avoided. After each step of synthesis 
transformation, the statistical data (e.g., data about sWitching 
activity) at a node that is affected by the transformation is 
selectively recalculated from the statistical data maintained 
at a number of nodes of the design that is before the step of 
the transformation so that the statistical data can be propa 
gated (and/ or maintained) at some of the nodes of the circuit 
during the process of synthesis transformations. Since many 
synthesis transformations introduce neW nodes (and/or 
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replace elements), new nodes may be selectively determined 
to maintain and propagate the statistical data; and, statistical 
data maintained on some of the nodes may be selectively 
discarded after a transformation. Further details can be 
found in Us. patent application Ser. No. 10/646,657, which 
is hereby incorporated here by reference. 

In one embodiment of the present invention, the cells on 
a power strap or rail are divided into groups of cells. Instead 
of modeling individual cells separately in the analysis of the 
entire power supply network, one embodiment of the present 
invention constructs a circuit model for the cell group based 
on energy dissipation parameters of the cells and the prob 
abilities of switching of the cells to reduce the independent 
variables for the analysis of the entire power supply net 
work. In one embodiment, for a group of cells a number of 
cells that switch together in a same clock cycle are deter 
mined according to a probabilistic criterion for a reasonable 
estimation of the worst-case switching current for the group 
of cells. The reasonable estimation of the worst-case switch 
ing current is calculated for the group of cells based on the 
characteristics of the cells in the group and the probabilistic 
criterion so that the probability of cell group drawing a 
larger current is under a threshold level. 

FIG. 2 illustrates a method to group cells according to one 
embodiment of the present invention. In a typical standard 
cell design the cells are arranged in rows with each row 
supplied by its own power and ground strap (or wire). For 
example, contiguous cells 221-229 are located between the 
Vdd rail (201) and the ground rail (203) in FIG. 2. In one 
embodiment, cells that are supplied by the same strap are 
grouped based on the average power dissipation of the cells; 
and contiguous cells are grouped into the same group such 
that the average power of the group is below or about a limit 
for grouping. For example, cells 221-229 supplied by Vdd 
rail 201 and ground rail 203 are grouped as group n (213) 
with an average power dissipation that is approximately 
equal to a predetermined level. Thus, groups n-l, n and n+1 
(211, 213 and 215) approximately have the same average 
power dissipation. 

Typically, the average power dissipation of each of the 
cells can be determined according to the library for standard 
cells or from the design information for the custom cells or 
custom blocks. For example, the toggle rate of a cell, the 
power dissipation of the cell during a switch cycle and the 
power dissipation of the cell during a non-switch cycle can 
be used to determine the average power dissipation of the 
cell. 

Even if the cells are not organiZed in a row fashion, the 
cells can still be grouped locally on the power supply 
network. In one embodiment, the contiguous cells on the 
power supply network are grouped locally, according to the 
location of the cells on the power supply network, so that the 
cells in one group are not separated by one or more cells 
from other groups on the power supply network. Thus, the 
currents drawn by the cells in the group can be grouped and 
represented by one current source on the power supply 
network; and a hierarchical approach can then be used to 
reduce the independent variables for the top level analysis of 
the power supply network. 

The limit on average power dissipation for the cell groups 
can be such that a statistically meaningful number of cells 
(e.g., at least 5 to 10) are in a typical group. Increasing the 
limit can increase the siZe of the cell groups, which reduces 
the number of current sources for the top level analysis of 
the power supply network but also reduces the resolution of 
the analysis solution. Thus, the limit on average power 
dissipation for grouping may also be used to adjust the 
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8 
balance between the computation time for the top level 
analysis of the entire power supply network and the reso 
lution of the top level solution. 

However, it is understood that in general it is not neces 
sary to group all the cells according to a single limit for 
average power dissipation. For example, cells in different 
regions may be grouped according to different limits for 
average power dissipation; a lower limit may be used in 
areas where a ?ne resolution is desirable; a higher limit may 
be used in areas where in areas a coarse resolution is 

acceptable. 
Alternatively, other criteria for limiting the siZe of cell 

groups may be used. For example, the cells may be grouped 
into groups of approximately equal numbers of cells or 
approximately equal die areas. 

In one embodiment of the present invention, the cells of 
a cell group are divided (or partitioned) into switching cells 
and non-switching cells for an estimation of a representative 
current of the group of cells. To create a circuit model of the 
group of cells, the group of cells may be represented by a 
state in which the switching cells switch together during a 
same clock cycle and the non-switching cells do not switch 
in the clock cycle. The representative current drawn by the 
group of cells is estimated based on such a state. Details of 
partitioning the cells into switching cells and non-switching 
cells using a probabilistic approach according to embodi 
ments of the present invention are described below. 

In one embodiment of the present invention, the toggle 
rates of the individual cells in a group are used as probabili 
ties that these cells (gates) switch in a given cycle. The 
probability of switching at each cell can be used to calculate 
the probability that a given number of cells switch in a same 
cycle. After a cumulative density function (CDF) of the 
number of cells that switch in a same cycle is calculated, a 
threshold value, such as 90% or 95% probability, can be 
used to determine the number (M) of the switching cells for 
the estimation of the current of the cell group such that the 
probability of no more than the determined number (M) of 
switching cells switching together is about the threshold 
value. 

Alternatively, the probabilities of these cells switching in 
a given cycle can be further used to compute the probabili 
ties of a quantity (e.g., peak current or total charge) at 
different levels. Each combination of cells switching 
together in a same cycle has a corresponding value for the 
quantity (e. g., peak current or total charge) and a probability 
of occurrence that can be computed (e.g., from the toggle 
rate). Thus, the probabilities of the quantity at different 
levels can be computed. After a cumulative density function 
of the quantity (e.g., peak current or total charge) is com 
puted, a threshold probability level can be used to select the 
switching cells. For example, in a cumulative density func 
tion, the probability of the peak current of a cell group being 
smaller than a given value increases as the given value 
increase. The condition that the probability of the peak 
current of a cell group being smaller than a given value is at 
a threshold level (e.g., 90% or 95%) can be used to deter 
mined the given value, which can be considered as the 
threshold peak current. For example, the threshold peak 
current can be determined so that the probability of the peak 
current of a cell group being smaller than the threshold peak 
current is 95%. The number of cells that switch in a same 
clock cycle for the construction of the current of the cell 
group can then be determined from the threshold peak 
current. For example, a combination of switching cells that 
provides a peak group current that is close to the threshold 
peak current can be selected to determine the switching cells 
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for the construction of the time varying current of the cell 
group; the probability of the peak current of the cell group 
being smaller than the constructed time varying current is at 
the threshold level (e.g., 95%). 

FIG. 3 illustrates the probabilities of cells sWitching in a 
same clock cycles, Which may be used to determine a 

sWitching current of a cell group according to one embodi 
ment of the present invention. For example, bar 311 shoWs 
the probability of Zero cells of the group of cells sWitching 
in a same cycle; bar 319 shoWs the probability of n cells of 
the group sWitching in a same cycle. Summing the prob 
abilities of bars 311-319 (e.g., Within area 310) provides the 
probability of no more than n cells sWitching in a same 

cycle. From a threshold value that speci?es the probability 
of no more than n cells sWitching in a same cycle (or the 
probability of more than n cells sWitching in a same cycle), 
the number M can be determined for the partitioning of the 
cells. For example, it may be required that the probability of 
no more than M cells sWitch in a same clock cycle be about 

90% (or 99%). From the toggle rates of the cells and the 
threshold value, the number M can be determined. It is 
understood that a threshold of 100% requires all cells in the 
group to sWitch in the same cycle. 

For the probability distribution as illustrated in FIG. 3, the 
cumulative probability illustrated in FIG. 4 can be calcu 
lated. FIG. 4 illustrates a method to determine the number of 
cells sWitching a same clock cycle for the determination of 
a sWitching current of a cell group according to one embodi 

ment of the present invention. In FIG. 4, each of the bars 
(e.g., 351-359, 361-369) represents the probability of no 
more than a given number of cells sWitching in the same 
clock cycle in a cell group. For example, bar 354 represents 
in the probability of no more than three cells sWitching in a 
same clock cycle for the cell group, Which is the sum of bars 
311-314 of FIG. 3. The bar that is closest in height to the 
threshold determines the number of sWitching cells of the 
group for the estimation of the current draWn by the group 
of cells. For example, in FIG. 4, the height of bar 359 is 
closest to the threshold (371); thus, the number of sWitching 
cells is determined as M for the group (according to bar 

359). 
The probabilities of a given number of cells sWitching in 

a same clock cycle can be computed from standard combi 
natorics if the individual probabilities are assumed to be 
independent. For example, if the probability of sWitching for 
cell i is pl. (i:1, 2, . . . , N), the probability of all N cells of 
the cell group sWitching in a same clock cycle is: 

The probability of N—1 cells sWitching is: 
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10 
Similarly, the probability of N-2 cells sWitching is: 

N 

The probabilities for other cases can be computed using 
standard combinatorics in a similar fashion. 

If the number of cells in the group is large, the combi 
natorics method to compute the probabilities may require 
too much computation time, in Which case an approximate 
algorithm based on the bounds on the tails of the probability 
distributions can be used to compute the probabilities effi 
ciently. 

For example, let 

N be the number of cells in the group; X be the number of 
cells that sWitch in a clock cycle; and the probability of X 
being more than i be PQ(>i). For r>m, bounds for the 
probability of X being more than m+r include: 

The loWer one of the bounds can be used as the prob 
ability PQ(>m+r). More details about the bounds may be 
found in Introduction to Algorithms, by T. H. Cormen, C. E. 
Leiserson and R. L. Rivest, McGraW Hill, 1995. 

Although the above examples illustrate the situations 
Where it is assumed that cells of a group sWitch indepen 
dently from each other, sWitch activities of many cells are 
interdependent. For example, a set of cells may sWitch 
together. When the logic relations betWeen the cells are 
available, the logic relations can be used to improve the 
estimation of the probability distributions. Thus, it is under 
stood that in general it is not necessary to assume that all 
cells sWitch independently from each other. 

Further, When such dependency information is available, 
the cells may be grouped further according to the depen 
dency information. For example, the contiguous cells that 
sWitch together may be assigned into a same group to avoid 
splitting them into different groups; cells With strong inter 
dependency in sWitching activities may be grouped together 
When possible (e. g., Within the limit of poWer dissipation of 
the group). 

Alternatively, When the statistical data about sWitching 
activities collected over many clock cycles is available, the 
statistical data can be used to derive the cumulative density 
function for the cell group. 
Once the number of sWitching cells is determined, the 

sWitching current that needs to be supplied to these sWitch 
ing cells by the poWer supply network can be estimated 
based on the characteristics of the cells of the group. 

In one embodiment of the present invention, the current 
draWn by a sWitching cell from a poWer supply network is 
calculate from the energy dissipated internally by a transi 
tion on the output, Em, and the energy dissipated by the load 
capacitance, Eload (Wire or gate load). Typically, these 
energy parameters can be determined from the cell library 
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and parasitic data. Further, the leakage power of a cell, 
Which is independent of transitions, is typically also known 
from the library. 
When the transition times and the timing WindoW of the 

transition in a given clock cycle are available for a cell (e.g., 
from the result of a static timing analysis or according to 
default values), an approximate sWitching current Waveform 
can be estimated for the cell, assuming that all the transition 
energy is dissipated during the output transition. 

For example, if Vdd is the nominal poWer supply voltage, 
the charge supplied by the poWer supply is: 

If it is assumed that the charge is supplied during the 
transition time T and the current Waveform is a triangular 
shape, the peak current can be calculated as 

It is understood that the area under the current Waveform 
represents the charges. Thus, When the shape of the Wave 
form and the transition time parameters are available, the 
Waveform of the sWitching current for the cell can be 
estimated from the energy dissipation. 

FIG. 5 illustrates a method to estimate the sWitching 
current for a cell according to one embodiment of the present 
invention. In FIG. 5, leakage current Leakage (411) is con 
sidered to be constant (413). The sWitching current 415 is 
superimposed on the leakage current. The energy dissipation 
parameters of the cell and the nominal voltage (Vdd) deter 
mine the triangular area under the sWitching current, Which 
represents the charge supplied by the poWer supply. Since 
the raising time T, (405) and the fall time Tf(403) determine 
the shape of the triangular Waveform of a given area, the 
peak current lpeak (401) can be calculated for the energy 
dissipation parameters and the timing parameters. When the 
details about the raising time T, (405) and the fall time Tf 
(403) are not available, it may be assumed that T,:Tf:T/2. 

Alternatively, When available, the circuit models for cells 
can also be used to derive the sWitching current for the 
individual cells. 

In one embodiment of the present invention, the cell 
group With N cells is modeled according to the state of M 
sWitching cells and (N-M) non-sWitching cells. After the 
number M is determined from the probability data, a set of 
M cells are selected as the sWitching cells to estimate a 
reasonable Worst-case sWitching current for the cell group. 
The sWitching currents of the individual cells are summed to 
obtain the sWitching current for the cell group. 

In one embodiment of the present invention, the parti 
tioning of the cells of a group is such that the sum of the 
currents draWn by the N cells has a maximum instantaneous 
peak value. 

FIG. 6 illustrates a method to determine the sWitching 
current for a cell group according to one embodiment of the 
present invention. In FIG. 6, Waveforms 441, 443 and 445 
represent the sWitching currents due to a transition in three 
sWitching cells. The portion of the current that is the same 
regardless Whether the cell sWitches or not in the clock cycle 
(e.g., the leakage current) is not shoWn, since the sum of 
these portions of currents remains the same regardless hoW 
the cells are partitioned. If the cells With sWitching current 
Waveforms 441, 443 and 445 are selected as the sWitching 
cells, the sWitching current Waveform for the cell group has 
the Waveform 449, Which is the sum of Waveforms 441, 443 
and 445. If different cells are selected as the sWitching cells, 
the cell group Will have different peak instantaneous cur 
rents. In one embodiment of the present invention, the cell 
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12 
group is partition so that the instantaneous peak current for 
the group is maximiZed. It is understood that there may be 
different partitions that have a same maximum peak value; 
and any one of these partitions may be selected (e.g., 
randomly) for the estimation of the time varying current for 
the cell group. 

In one embodiment of the present invention, the timing 
WindoWs for transitions in a clock cycle are used to select the 
sWitching cells. For example, M cells Which have overlap 
ping timing WindoWs (e.g., sWitching at the same time) With 
the highest peak current in the group are selected as the 
sWitching cells to create a Waveform Which is a sum of the 
Waveforms of these M cells. The timing WindoW information 
Which de?nes the earliest and latest time Within a clock cycle 
When the output of a given cell can potentially transition 
may be provided by another softWare tool, such as a static 
timing analyZer (STA). 

In one embodiment of the present invention, the timing 
WindoW for the transition of each cell in a group is obtained 
from the output of the STA tool. In a clock cycle the range 
of the earliest time instant and the latest time instant betWeen 
Which a transition may occur de?nes the timing WindoW for 
the cell. Thus, the output of the cell can change at any time 
in the timing WindoW to draW a time varying current from 
the poWer supply rails. The timing WindoWs for all the M 
sWitching cells are considered in one embodiment of the 
present invention. The subgroups of cells that have overlap 
ping timing WindoWs are ?rst identi?ed. All the timing 
WindoWs of one subgroup cover at least one common 

instant; and, a smaller subgroup that is a subset of a larger 
subgroup may be ignored in vieW of the larger subgroup. 
When a subgroup has more than M cells, the cells With 
smaller peak currents may be ignored so that only M cells 
are kept in the group. Thus, each subgroup may have 1 to M 
cells; and some sWitching cells may be in multiple sub 
groups. The peak currents for the sWitching cells in each 
subgroup are summed as the peak current of the subgroup; 
and the subgroups are sorted according to the peak currents 
of the subgroups. Once the subgroup With the highest peak 
current is selected, the cells of the selected subgroup are 
removed from the remaining subgroups. The peak currents 
of the remaining subgroups are updated after removing the 
cells of the selected subgroup. The next highest peak current 
subgroup is the selected according to the updated peak 
currents of the remaining subgroups. Thus, the selected 
subgroups do not have duplicated cells. The selection pro 
cess continues until all the M sWitching cells in the selected 
subgroups. In one embodiment of the present invention, to 
construct the time varying current for the cell group, the 
peaks of all the cell currents for a subgroup are aligned and 
centered at the center of the portion of the timing WindoWs 
common to all cells in the subgroup (the intersection of the 
timing WindoWs of the subgroup). Alternatively, the peaks of 
the cell currents for a subgroup may be aligned and centered 
at the center of the union of the timing WindoWs of the 
subgroup. Further, the sorting of each subgroup can be done 
based on other metrics such as the total charge, instead of the 
peak current illustrated above. After the current Waveforms 
of the cells in each subgroup are aligned at their peaks, the 
Waveforms described earlier are added to create a composite 
Waveform for all the sWitching cells. 

Alternatively, if the information regarding the “timing 
WindoWs” is available, a probabilistic approach can also be 
used to determine a time varying current for the cell group. 
FIG. 11 shoWs a method to estimate a time varying current 
for a cell group using timing WindoWs according to one 
embodiment of the present invention. For example, it can be 
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assumed that the switching probability of each cell is 
uniformly distributed over the interval of the timing WindoW. 
For example, if the probability of switching for a cell is p 
and the timing WindoW for that cell is tW Wide, the prob 
ability distribution is p/tW in the timing WindoW and Zero 
everyWhere else. The integrated probability over the Whole 
clock cycle is still p. Thus, the probability distribution for 
the cells in the cell group can be determined. For example, 
in FIG. 11, probability distributions 531, 533 and 535 shoWs 
the probability density for three cells to sWitch at given time. 
The example of FIG. 11 is illustrated With only three cells. 
In general, a cell group typically includes more than three 
cells, Which can be processed in a similar fashion. Other 
assumptions of the probability distribution may also be used. 
During a given time interval, such as the time interval [t 1, t2] 
(539), the integration of the corresponding density functions 
of the cells provides the probabilities of the cells sWitching 
during the time interval. For example, areas 541, 543 and 
545 shoW that the probabilities of sWitch for the three cells 
during time interval 539 are P1, P2 and P3 respectively. 
Similar to that in the process for the determination of a 
threshold number of sWitching cells (or a threshold current, 
or a threshold charge) for the entire clock cycle (as described 
in detail above), a cumulative density function of a variable 
(e.g., the number of sWitching cells, the current, or the total 
charge) can be computed for this time interval. Thus, from 
a threshold on the cumulative density function, a threshold 
value for the variable can be determined in a similar fashion 
as determining a threshold value for the variable described 
for the entire clock cycle. The determined threshold value 
can be considered a constant in the time interval. For 
example, the cumulative density function of the sWitch 
current can be determined from the probabilities of sWitch 
ing in the time interval for the cells in the group (e.g., 
probabilities Pl (541), P2 (543) and P3 (545)). The sWitching 
current corresponding to a threshold percentage of the 
cumulative density function is consider the sWitching cur 
rent (547) for the time interval. Thus, When different time 
intervals are evaluated, a time varying current (537) is 
determined for the cell group. 

Alternatively, from the probability distributions of cells 
sWitching during a clock cycle, a joint probability density 
function (and cumulative density function) for a number of 
cells sWitching together at any given point of time in a clock 
cycle can be determined. The joint probability can be the 
probability of the number of sWitching cells or the prob 
ability of a quantity computed based on the number of 
sWitching cells, such as peak current, total charge, etc. The 
joint probability density function (and cumulative density 
function) varies With respect to the point of time in a clock 
cycle. The joint probability density function (and cumulative 
density function) can be integrated over any time interval to 
obtain a joint probability density function (and cumulative 
density function) for the time period. From the joint prob 
ability density function (and cumulative density function) 
for any given time period, a statistical threshold for the 
quantity (e.g., the peak current, total charge, or the number 
of sWitching cells) corresponding to a probability threshold 
can be determined so that the probability of the quantity 
being small than the statistical threshold is smaller than a 
threshold level (e.g., 90% of the maximum value in the 
cumulative density function). The statistical threshold cur 
rent can be used as the maximum likely peak current at that 
interval. The maximum likely peak current for different 
intervals can be computed in a similar fashion to obtain a 
time varying maximum likely current Waveform for the cell 
group. Alternatively, the maximum likely peak current can 
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14 
be determined for each time instance in a similar fashion 
Without integrating the joint probability density function 
(and cumulative density function) over a time interval. 

If the information about the timing for the transitions in a 
clock cycle is not available, the M cells With the highest peak 
current can be selected as the sWitching cells. A default 
timing WindoW may then be used to add the Waveforms of 
the sWitching cells to generate the estimated current Wave 
form for the cell group. 

The estimated current Waveform for the cell group rep 
resents the time varying current for the group of cells at the 
point in the poWer supply netWork Where the cell group is 
located. A current source can be used to model the current 

Waveform for the cell group. 

The non-sWitching cells of the group provide de-coupling 
capacitance betWeen the poWer supply rail and ground 
through the non-sWitching cells themselves. In one embodi 
ment of the present invention, the output capacitances of 
non-sWitching cells are added as additional de-coupling 
capacitance at the node of the cell group in the top level 
circuit model. If the output resistance of the non-sWitching 
cell is available, the output resistance can also be included 
in the path from the de-coupling capacitor to the poWer 
supply netWork. The addition of this linear resistance and 
capacitor combination creates an extra node in the circuit 
representation. This extra node can be eliminated if the 
effect of the resistance and capacitor combination could be 
represented by an effective capacitance to ground added to 
the original node. A number of techniques are knoWn in the 
?eld to approximate a resistance and capacitor combination 
by a capacitor by using current averaging techniques in the 
context of delay modeling Which can be applied for the 
poWer mesh netWork reduction as Well. See, for example, I. 
Qian, S. Pulella and L. Pillage, “Modeling the effective 
capacitance for the RC interconnect of CMOS gates,” IEEE 
Trans. On Computer Aided Design, Vol. 13, No. 12, pp. 
1526-1535, 1994. 
The resistance of the poWer supply netWork can be 

extracted from the layout for all metal layers. The input to 
the extractor can be a data ?le With the physical layout 
information and a technology ?le describing the metal and 
via resistance for each layer. The output is a netlist With 
resistors that represent the interconnection betWeen the cells. 
The resistance can be extracted by breaking up each Wire in 
the poWer supply netWork into segments and then using 
either analytical formulas or tables to calculate the resistance 
of each segment. It is understood that any methods knoWn 
in the ?eld for extracting the resistance of the poWer supply 
netWork can be used. A commercially available softWare 
tool, such as Star-RCXT from Synposys, Inc. or Columbus 
from Sequence Design, Inc., can also be used. 

In one embodiment of the present invention, three types 
of capacitances are included in the model for the poWer 
supply netWork: poWer supply to ground Wire capacitance, 
Well capacitance Where the Well is tied to one of the rails of 
the poWer supply netWork and the de-coupling capacitance 
from non-sWitching cells. 
PoWer supply to ground Wire capacitance and Well capaci 

tance are based on the geometry and area of the metal Wiring 
and the cells. The poWer supply to ground capacitance can 
be calculated using the layout information to produce a 
netlist Which has lumped capacitors to represent capacitance 
betWeen the poWer supply Wire and Wires that are grounded 
or signal Wires. As signal Wires on average sWitch betWeen 
ground and Vdd (the poWer voltage), their net effect on the 












